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Radiation processing of cometary, planetary, and interstellar ices
has been investigated by irradiating mixtures of H,O and CO near
16 K with 0.8-MeV protons. IR spectroscopy and isotopic substi-
tution showed that H and OH, from H,O, added to CO to form
HCO, H,CO, HCOOH, and CH30H. A values (integrated spectral
absorbances) for HCOOH and HCO trapped in H,O ice were mea-
sured for the first time. These new values, along with published
A’s for H,CO and CH30OH, were used to calculate radiation yields
(G values) and conventional percentage yields. Significantly higher
percentage yields of HCOOH and CH3;OH were observed, com-
pared to previous solid-state H,O + CO experiments. This suggests
that radiation processing may help explain the discrepancy between
the observed gas-phase abundances of small organic molecules and
the abundances predicted by current theoretical models and previ-
ous laboratory experiments. In contrast to previous experiments on
one-component ices, no spectral evidence for long-chain molecules
was found in the present work. This demonstrates that ice compo-
sition is a critical factor in applying laboratory results to cometary,
icy satellite, and interstellar ices.  © 1999 Academic Press

Key Words: ices; comets; composition; radiation chemistry; or-
ganic chemistry; spectroscopy.

INTRODUCTION AND BACKGROUND

others. Thus the molecules observed during a comet’s passa
through the Solar System are the result of, among other thing
the irradiation of an icy material at low temperatures.

Comet Hyakutake provides an example of how such solid
phase irradiation can be important. EthangHg) and methane
(CH,4) were observed in Hyakutake with abundances much higr
er than expected from gas-phase models (Murete 1996).

It was suggested (Mumme al. 1996) that the eHg abundance
was due to solid-phase H-atom addition to acetylengH((;
although few, if any, supporting experiments were available. Ou
own laboratory investigations subsequently showed that protc
irradiation of amorphous $0 + C,H; ices at~15 K indeed
results in H-atom addition to £, to form GHg (Hudson and
Moore 1997, Moore and Hudson 1998).

Low-temperature solid-phase reactions are of considerable i
terest beyond the case of hydrocarbons. While gas-phase mod
have enjoyed some success in predicting interstellar molecul;
abundances, solid-phase reactions on and in ice-dust grains he
been linked to many observations. Among tas-phasenter-
stellar observations in which solid-phase chemistry has been i
voked are those involving formaldehyde; D (Federman and
Allen 1991), acetic acid, C¥COOH (Mehringeret al. 1997),
ethylene oxide, c-6H,O (Nummelinet al 1998), methylen-
imene, CHNH (Dickens et al. 1997), and ethyl cyanide,

The standard picture of cometary formation involves accreti@H;CH,CN, (Miao and Synder 1997). Methanol (gBH) is
of interstellar grains into icy macroscopic bodies. These graiaaother molecule of interest in both comets and the interstelle
are exposed to ionizing radiation in several distinct time pemedium (ISM). Its production has been investigated by sev
ods, starting with exposure to cosmic and UV radiation pri@ral groups, the conclusion being that grain chemistry is heede
to accretion. Much later, the surface ices of a comet expetd explain the observed gas-phase;OH abundances (e.g.,
ence additional radiation exposure from cosmic rays while Dharnleyet al. 1995, Tielens and Whittet 1997, Teixeraal.
the Oort cloud for 4.6 billion years. All of these irradiationsl998).
alter the chemical and physical properties of both interstellarin Table | we summarize the abundances of3;0OH and
and cometary ices, synthesizing new molecules and destroyatber molecules in ices of an interstellar object studied with th
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452 HUDSON AND MOORE

TABLE | these conversions have involved much higher initial CO abun:
Molecular Abundances in Comets and Interstellar Ices dances, so that the ice mixture’s polarity is greatly reduced, o
they have involved three-component (or more complex) mix-
Interstellar ices tures, so that the underlying reaction chemistry is masked. Eve
Molecule Hyakutakg Hale-Bopf IRS-¢ in photolysis experiments in which the initial CO concentration
was high, the conversion of CO tg,80 was only on the order

Cometary volatiles

(H:éo ;_1??8 :2%)00 :11500 of “a few percent” and, for a separate experiment, the conver
co, -7 6 12 sion of LCO to CHOH was called “quite inefficient” (Schutte
CHzOH 2 2 6.3 et al 1996a). In a different type of experiment, Hirackiaal
H2CO 0.2-1 1 <3tentative  (1998) sprayed H atoms, formed by electrical dischargeof H
HCOOH 0.05 3tentative  gnto frozen CO at 12 K. On warming the sampletb00 K, they
CHa 0.7 ~1 1.6 observed the release 0§60 and CHOH with mass spectrom-
CoHa 0.3-0.9 ~0.5 X :
CoHe 0.4 ~0.5 etry, but with calculated conversions from CO of only 0.012 and
NH3 0.5 0.6 <6 0.003%, respectively. In short, so far neither photolysis nor dis:
x-CN 0.01 0.37 0.5 charge experiments have uncovered a promising path from C¢
OCS, XCs 0.3 0.7 to H,CO and CHOH. No relevant HO+ CO ion irradiation
SO 015 experiments have been published.
a Bockelee-Morvan (1997). We now have extended our H-atom addition experiments frorr
b Crovisier (1998). C,H; to CO, an abundant cometary and interstellar molecule. Ir
¢ Campins (1998). this paper we show that CO is hydrogenated by ion irradiation a
4 Schutte (1999). low temperatures in amorphous water, conditions under whicl

cometary and interstellar CO exists. We demonstrate that radic
Infrared Space Observatory (1ISO) and in the comae of two recéioh reduces CO first to $CO and then to CEDH and that CO
comets. After HO, carbon monoxide (CO) leads in abudance ialso produces formic acid (HCOOH). Finally, we show that ir-
all three objects and probably accounts for the fact that carb@diation of HO + CO ices gives higher conversions to reduced
dioxide (CQ) is third highest in abundance for all three obproducts than do either UV photolysis or electrical discharge
jects listed. Specifically, reactions of CO can generated carb&xperiments.
dioxide by either UV (Allamandolat al. 1988) or cosmic ray
(Mooreet al. 1991) processing of ice grains. Continuing down
each column of Table I, CO also has often been considered as
a source for the two next-most-abundant molecule§® and
CH30H. A likely reaction sequence leading from CO teGO
and then to CHOH is

EXPERIMENTAL

Figure 1 shows our experimental arrangement. Solid sample:
called simply “ices,” were prepared by slow condensation from
appropriate vapor-phase mixtures at room temperature onto

CO — HCO — H,CO — CH;0 and CHOH — CH3OH. pO”ShEd aluminum disk (areta 5 cmz) held near 16 K in a
vacuum chamber. A Fourier-transform infrared (FTIR) spec-
Charnleyet al. (1997), Tielens and Whittet (1997), Kaigetral. trometer then recorded the spectrum of the frozen solid in the

(1997), Delitsky and Lane (1998), and Schugteal. (1996a) region of interest, usually 400-4000 ctaNext, the sample was
have all pointed out that H-atom addition to CO in and on icy irrotated to face a 0.8-MeV proton beam from a Van de Graaff ac
terstellar grain mantles, cometary surfaces, and planetary satelerator, irradiated to the desired dose, and then rotated back
lites might well be a source of more complex molecules, suéfice the spectrometer where its IR spectrum was recorded a se
as HCO and CHOH. Accreted H atoms could be responsiblend time. Additional irradiations could be performed as desirec
for reducing CO to CHOH on a grain surface or, alternativelywith spectra taken after each. These single-beam spectra we
H atoms could be produced by ionizing radiation or UV phaatioed against the spectrum of the blank aluminum substrat
tons acting on a polar grain mantle, for example, one dominatiedget a transmission-type spectrum which could be converte
by H,O. into an absorbance spectrum. Spectra usually were recorded

Given the possible importance of the low-temperature, solil0-scan accumulations at a resolution of 4¢ém
phasereaction sequence €£H,CO— CH3OH, extensivelab-  The sources and purities of gases and liquids used in thes
oratory studies of these reactions are expected. Thereforegxiperiments follow: triply distilled KO with a resistance grea-
is surprising thavery few spectroscopic studies of these reader than 16 ohm cm; CO, Matheson research grade, 99.99%
tions are found in the standard refereed journals. In the specifittO, Miles Laboratories, 90.83%80; CH;OH, Sigma—Aldrich
case of interest to us, CO chemistry in®tdominated ices, HPLC grade, 99.9%; pCO, Fisher, purified trioxymethylene;
the literature is extremely sparse. Allamandelaal. (1988) HCOOH, Fisher Scientific, 99.9%;,8,, Matheson, was puri-
UV-photolyzed a HO : CO=20: 1 mixture and observed HCO fied using a slush bath at 173 K; GHMatheson research grade,
H,CO, and CQas “weak bands” in IR spectra. Other reports 089.999%.
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strengths A values, measured by us (Hudson and Moore 1997
Moore and Hudson 1998) and others (e.g., Hudgtra. 1993).
This resulted in molecular abundances expressed as column de
sities with units of molecules cm. Table Il lists IR absorption
bands used in this paper, along with the corresponding full-widtl
at half maximum (FWHM) andA value for each band.

Although standard methods could be used in determinin
most A values, two cases demanded special consideration.
band observed near 1853 thin photolyzed HO 4 CO and
H,O + H,CO ices has been attributed to the formyl free radica
(HCO) by Allamandolat al. (1988). We observed a similar fea-
ture in our radiation experiments. To determine the integrate
s absorbance of this band, name¥y(1853 cnt!), we exposed an

irradiated HO 4+ H,CO ice, whose spectrum showed this fea-

ture, to unfiltered visible light from a 60-W tungsten lamp. The
ﬁ:ﬁdmg ' 1853-cnt! absorbance was removed over a few hours and a col
System comitantincrease in CO was found. These observations suppc
the assignment of this band to HCO, the photobleaching be
ing due to the reaction HCS> H + CO. From the decrease in
HCO at 1853 cm?, the increase in CO at 2137 ¢y and CO’s
known band strengthA (1853 cnt?) for HCO was calculated

FIG.1. Schematic of experimental set-up showing FTIR spectrometer, gta% be 21 x 107 _Cm mo',ecmel' Althmjlgh_ t,he HCQ band is
handling system, protons from Van de Graaff accelerator, and ice sample. ather broad and its maximum uncertain, it is certainly betwee

1850 and 1853 cm (see IJzendooret al. (1983) for earlier
work on HCO in ices other than4® + CO).

A closed-cycle cryostat was used to control the temperatureThe other case requiring special consideration was HCOOF
of all samples from a minimum near 16 K up to about 280 Kprmic acid. Because of the tendency of this molecule to com
with an accuracy better thatil K. Ice thicknesses were onplex with water, we made reference measurements on it u:
the order of a few micrometers and were measured with a lag®ey separate vacuum lines for simultaneously depositip® H
interference system assuming an index of refraction of 1.3 fand HCOOH. The pressure drop in each vacuum line gave tt
our H,O-dominated ices (Hudgiret al. 1993). Deposition rates amount of each material in the final solid mixture, after correc:
were roughly 1-5:m h=1, tion for the fact that the gas-phase HCOOHLE Torr,~295 K)

Abundances of radiation products were determined by intesed to make the solid was about 75% dimeric (Coolidge 1928
grating IR bands and dividing by the appropriate absolute ba@dir final A value for HCOOH monomers in 40 ice is given

Secondary
Gas System

|| lce Al Mirror

to detector

I-—"'_ L 7 5 -—] — Protons
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|
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TABLE 11
Spectral Values for Organic Molecules in Amorphous H,0 Ice at ~16 K
Average Integrated

Average ratio Vibrational FWHM band position absorbanag (
Molecule HO : molecule mode (cmt) (cm™1) (cm molecule’l)
co 20:1 GO st 9 2137 T x1017
HCO? C=0O st 12 1858 2.1x 107
H,CO 20:06 H, scissor 11 1496 % 1(T18d
HCOOH 13:1 CO st 60 1219 Bx10°Y
CH3OH 10:1 COst ~22 1017 15 x 10-17
CHy 15:1 C-H bend 12 1302 Gx 10718
COo, 20:1 G=Ost 7 2342 2 x 10716'

a Starting mixture was b0 + H,CO (5:1).

b The corresponding position for H&O was 1806 cm?.

¢ Standfordet al. (1988).
d Schutteet al. (1993).

€ Hudginset al. (1993), weak interstellar mixture.
f sandford and Allamandola (1990).
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in Table 1l as 15 x 10-1" cm molecule®. Note that ISO spec- Microns

tra suggesting kKD + HCOOH ices associated with protostellar 2.5 5 10 20

sources (Schutit al. 1996b, 1998) have been analyzedusinga 3.5 F " T T

A value based on that of gas-phase HCOOH dimers ¢btaal . ]

1987). 30¢ Before Irradiation B
Irradiations were done with a proton beam current of;0AL 05 co

and incident fluences of410** p* cm2-1x 10 p* cm2,al- o
though higher doses were used in a few experiments. Convert g
incident fluences into absorbed energy doses with units of ¢2
molecule® required a value for each sample’s stopping powe 3
which in turn required each sample’s density. Since the densitié::
largely were unknown they were assumed éolbg cnv3. For
pure KO this gave an incident fluence aB8< 10 p* cm—2 as
equivalent to an absorbed dose of 10 eV moleculEor mixed
ices, the stopping powers used were the weighted averages
stopping powers for each initial component. Additional detalil
are given in Hudson and Moore (1995) and Moore and Huds:
(1998). With ice sample thicknesses of 1w, the incident

0.8-MeV protons, having a range of 16n (Northcliffe and F

0.0F

After 11 eV molecule™ —
After 22 eV molecule™ .

1G. 2.

PR SIS T S T S S S N TR S S T R
4000 3500 3000 2500 2000

P T BRI S S S B ST S |
1500 1000 500

Wavenumber (cm™)

Mid-infrared spectrum of an 0+ CO (5:1) ice 16 K before

Shilling 1970), penetrated each sample and came to rest in #he after proton irradiation to two different doses. Spectra have been offset fo
underlying aluminum substrate where the resulting current wa:

integrated. In other words, little, if any, ion implantation took
place.

the CQJ/CO interconversion). Figure 3 is an enlargement of the

The choice of 0.8-MeV protons to simulate cosmic ray bomegion 1900—1000 crit for the lower dose of Fig. 2. This spec-
bardment requires comment. High-energy protons form the by region shows that #CO (formaldehyde), HCOOH, G4OH
of cosmic radiation particles, and of these the abundance of P{Rrethanol), and CiH(methane) were synthesized from the ini-
tons with energies in the 1-MeV region is much greater than fgg H,O+ CO mixture. Table Ill summarizes the abundances
those with energies near 1 GeV (Meyaral. 1974). Further- and radiation yields observed in thesgQH+ CO experiments.
more, standard tables show that the maximum stopping povggure 4 plots abundances for a number of molecules in the
for p™ corresponds to an energy near 1 MeV (Northcliffe and,0 : co=5 experiment. Experiments on ices with lower ini-

Shilling 1970). The conclusion is that a substantial fraction @& co abundances showed similar trends, with no additiona
the cosmic ray damage to astronomical objects is expected tqa@y products being detected.

due to protons with energies near 1 MeV. Further details can be
found in earlier papers (Mooret al. 1983). We also note that
recent work by Coopeet al. (1998) shows that protons form
an important component of the energy flux received by Europa

Microns

35
Ganymede, and Callisto. Although our work was originally mo- I
tivated by applications to comets and ISMices, italsoisrelevan 3.0 | Irradiated
to icy satellites. b6l } | H0+CO
RESULTS 8 20
(0] ]
H,O + CO Experiments £ s H,0 + CH,OH
2]
Experiments were done with three differergy®: CO ratios, < 10 H,O + HCOOH
H,0:CO=5, 10, and 20. Figure 2 shows IR spectra for an - :
ice analog made with $#0:CO=5:1. The spectrum of the 0.5
unirradiated mixture is shown along with spectra after two pro- T - H.0+H,CO
ton irradiations, corresponding to radiation exposures of SeVere L] RO T CM

meters down in a comet after about 2.3 and 4.6 billion years
in the Oort Cloud (Strazzulla and Johnson 1991). In Fig. 2 ab-
sorptions of HO dominate the spectrum both before and after

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavenumber (cm™)

FIG.3. New species formed in and®+ CO (5:1)ice irradiated to 11 eV
molecule’! are identified by comparison with reference spectra of dilute mix-
tures of organics (b :organic>5) at ~16 K. Spectra have been offset for
clarity.

irradiation, but the production of GQ(2342 cn?) at the ex-
pense of CO (2137 cm) is easily seen. (COwas not studied
extensively in these experiments. See Moetral. (1991) for
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TABLE 111
Comparison of Molecules Present after 22 eV Molecule=* in H,O + CO Ices with Different Initial Concentrations

Mixture Mixture Mixture
5:1 Column 10:1 Column 20:1 Column
density density density
New H0 [5] G H,0 [10] G H,0 [20] G
species CO[1] B7 x 107 CO[1] 1.86x 107 CO[1] 853 x 106

identified ACO 550x 1017 -0.7 ACO 167 x 10Y7 —0.39 ACO 7.84x 1016 -0.2
HCO 488 x 10%° 0.006 128 x 10%° 0.003 110 x 10%° 0.003
H,CO 371x 10 0.05 148x 1016 0.03 901 x 10%° 0.02
HCOOH 222 x 107 0.28

CH30OH 6.34 x 106 0.08 123 x 1016 0.03 233 x 1015 0.006
CHa 2.46 x 1017 0.32 415x 106 0.1 804 x 1015 0.02
Cco, 1.28x 10Y7 0.16 659 x 106 0.16 360 x 106 0.09

Near 1850 cm! in both Figs. 2 and 3 is a feature commonlypf H20 + CO+ C;H, and HO + CO+ CHy three-component
attributed to the formyl radical HCO. This band was easily rénixtures and a b0+ CO+ C;H, +CH, four-component
moved with visible light, as explained under Experimental, anixture.
observation supporting its assignment to HCO. We measured the
band strength at 1853 cthasA=2.1 x 101" cm molecule®. H20+H,CO Experiments

This is, to our knowledge, the first determination of this number Figure 4 shows that during the irradiation of®i+ CO, the

in frozen HO. abundance of HCO initially rose, but then fell with increasing

In _Sufgport Of_ the abo_ve iﬂ?+ (CjZO eé(p(ra]rimen:js, anice With 4,56 The same was true fop®lO, although its decline was far
H,0:CP0=5:1 was Irradiated and the products were Ob5',Iower than that for HCO and is more difficult to see in Fig. 4.

;erved with IR spectroscopy. Isotopic shiﬁs from the band PO®51 the other hand, in all experiments the 4CHH abundance
tions of Table Il were ob_serveo_l for the radiation products Hcgontinuously increased. This behavior suggested that HCO ar
H2CO, and CHOH, butlittle shift (<10 cnm*) was seen for the H,CO were intermediates in the formation of gbH from CO,

broad band of HCOOH. - .
. . . the reaction sequence bein
Last, afew complexiceswere irradiated, andi®d, HCOOH, g g

and CHOH were seen in each case. Specifically, we observedco_)

changes similar to those in binary mixtures after irradiation HCO — H,CO— CH30 and CHOH — CHZOH.

Assuming this sequence to be correct, the@8 should be re-

Equivalent Depth (m) in a C%rget Nucleus ,s duced to CHOH by ion irradiation of HO+H,CO mixtures.
: e ; 72 : 52 —~ Totest this idea, separate experiments wigCB were carried
H\ 1 out. Ice samples having 4@ :H,CO=5 and 10 were irradi-

I />F<ﬂ\x HcooH ] ated and IR spectra recorded. Figure 5 shows spectra from ol
107 L = oo ] such experiment, and the conversion frogC® to CH,OH is
: //AfA CH,OH i evident. Weaker features are also seen, and some assignme
]

v M H,CO 1 are indicated in the figure. Table IV gives product yields anc
| molecular ratios at various stages of irradiation. Figure 6 show

10° ¢ 31 howthe BCO abundance decreased and theGH abundance
HCO 1 increased with dose in the;® : H,CO=75 experiment.
1 In the reaction from HCO to CHOH, there is some un-
107 £ 7 certainty as to what free radical is formed by H-atom additior

Column Density (molecules cm™?)

i 1 to HxCO. In our experiments with #0 + H,CO mixtures, en-
el R P T S R largements of spectra in the region 1500-1000 tnevealed
0 ° 10 1 20 2 30 several IR bands that rose and then fell with increasing radiatio
Radiation Dose (eV molecule™) dose, peaking at5 eV molecule?. Specifically, absorbances at
_ _ _ 1456 and 1050 are almost certainly due to,OHl radicals (Ja-
FIG.4. Changesinthe column density of moleculesina®H- CO (5:1) cox 1981) while a feature at 1033 Cllnmay be due to CkD
ice as a function of radiation dose (loweraxis) at~16 K. The uppeix-axis dical éhb hit al. 1977 E ki t al 1978 |
shows the equivalent depth in a 0.3 g chtomet nucleus at which a similar radicals ( ayag _a' » Engelkinget al » Inoue
accumulated radiation dose is possible after 4.6 billion years of cosmic @} @l 1980). Lacking integrated absorbancésvalues), noth-
bombardment. ing quantitative can be said about the abundance of either radic:
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FIG. 6. Changes in the column density of molecules in a®H H,CO

-1
Wavenumber (cm”) (5:1) ice as a function of radiation dose~at6 K.

FIG.5. Spectrumofan O+ H,CO (5: 1) ice (1400-980 cnt) at~16 K
before and after irradiation. Spectra have been offset for clarity and new species

are labeled. in our radiation beam, initiates a series of ionizations and ex:
citations in frozen HO molecules, with ionization being the
H,0 -+ HCOOH Experiment dominant event. Rapid Htransfer, followed by neutralization

of H30O™, produces H atoms and OH radicals. These reaction:
Experiments on KO+ CO and HO + H,CO mixtures gave can be summarized as
HCOOH as a product of irradiation. To look at the fate of
HCOOH, a separate radiation experiment was performed with H,O — H,O" + e (by radiation)
an ice mixture initially having KO : HCOOH= 20 (spectra not
shown). Loss of HCOOH and production 0§€0 and CHOH H0" +Hz0 — H,O" + OH
were observed, along with the synthesis of HCO,,Cénd H30" + e — H,O+H.
CHgy.
The netresultis that Hand OH are produced as reactive specie
DISCUSSION Subsequent combination of H and OH will regenerat©HH
atoms can combine to formzHand OH radicals can combine
Insight into the radiation chemistry of cometary and inteto make HO.:
stellar ices requires an understanding of irradiated so}@.H
Investigations since the early years of this century have left little H+ OH — H,0
doubt about the principal reactions occurring in frozen water
(Spinks and Woods 1990; Hudson and Moore 1992 and refer-
ences therein). lonizing radiation, such as the incident protons OH+ OH — H,0..

H+H— H,

TABLE IV
Comparison of Molecules Present after 22 eV Molecule— in H,0 + H,CO Ices with Different Initial Concentrations

Mixture Mixture
5:1 10:1
H,0 [5] Column density H,0 [10] Column density
2 G 2 G
New species KCO [1] 3.00 x 107 H»CO [1] 6.10 x 106
identified AH,CO 293 x 10%7 —0.86 AH,CO 590 x 1016 —0.42
co 658 x 1015 0.02 144 x 1015 0.01
HCO 713 x 104 0.002 — —
HCOOH 169 x 1016 0.05 — —
CHzOH 162 x 1016 0.05 178 x 1015 0.01
CHa 3.96 x 101 0.01 — —

CO, 2.53x 1016 0.07 131 x 1016 0.09




METHANOL FORMATION IN ICES BY RADIOLYSIS OF CO 457

The products we observe in our spectra indicated that H aindent. That this HCO feature grew and then fell in intensity
OH participated in additional reactions. Specifically, H atomsarly in the HO+ CO irradiation is consistent with a role as

combined with CO generating 80 and then CEOH: an intermediate en route to,B80. Similarly, spectral features
assigned to CKDH and CHO radicals in the HO + H,CO ex-
H+ CO— HCO periments showed arise and fall in intensity with radiation dose
again the behavior expected for intermediates on the path fro
A +HCO= H,CO H,CO to CHOH.
H + H,CO — CH;O and/or CHOH It should be noted that the H-atom reactions observed were n
H + CH50 and/or CHOH — CH3OH. limited to two-component ice mixtures, but that they also took

place in more complex ones as well. For example, the presence
Our H,0 -+ C!80 radiation experiment supports this path t(gj_gHz,to which H atoms reaQin add (Moore and Hudson 1998).
H,CO and CHOH. The'80 appeared in the carbonyl groups oflid not prevent the conversion of QO inte €O, HCOOH, and
HC180 and HC®0, and, ultimately, the €0 bond of CHEOH. CH3O0H. CO'and GH, regcted as if each was independent of
These observations showed that the original pair of atomsthif _o_ther, W'th the chemistry being dominated by H and OF
C180 remained bonded while the molecule was reduced bya4dition reactions. o _
atoms. There are several ways to quantitatively examine the proc
Besides the above reactions, our detection of HCOOH irHCts of our reactions. Radiation yields are often express@l as
plies that H and OH combined with CO. Since no H&FO values, the number of molecules altered per 100 eV of energ

(~1800 cn?) radicals were detected, the sequence appears tiggorbed. These are listed for oG CO and HO+ H,CO
experiments in Tables Il and IV, respectively. For the dose ir

H+ CO — HCO Table I[I,G(HZCO) gngG(CH3OH) ir)creases with initial con-
centration of CO. Similarly, for a given dos&(CH3OH) in-
creases with initial concentration 0680. This dependence of
G values on initial concentrations was noted earlier (Moore ani
Again, our HO + C**0 radiation experiment supports these re{udson 1998). Finally, the values in radiation chemical stud-
actions. HCOOH has both &€& double bond and a€ single  jes are often calculated for small doses and reflect the kinetic
bond. If the above two-step sequence is correct then irradiatifgproduct formation. However, the products of our reactions
H,0 + C'®0 should result in HEOOH with a G=°0 dou- were close to their equilibrium abundances at the doses used
ble bond and a €°0 single bond. One then expects, to a firsta|culateG’s. For this reason, sufficient information is provided
approximation, only a small isotopic shift for the single bondp, the figures and tables to rescale @is to smaller doses.
the C-O stretch, which we monitored (Table I). Our IR spectra scheme 1 shows the CO reaction pathways followed in ou
confirmed this and so support the above sequence for HCOQ/drk. The lower branch, leading from HCO to HCOOH, consti-
synthesis. For the sake of completion we add that00so-  tytes a “dead end” as little HCOOH is converted into other prod
topic shift of ~30 cnm* around 1700 cm* was seen in the ycts, However, the upper branch leads fropC® to CHOH.
H,0+ C*®0 radiation experiment and that it was most likelyraple 111 shows that the combined column densities o€
due to isotopic shifts from both 4€'%0 and HC®*OOH. and CHOH in our 5: 1 experiment are only about half that of
Further H-atom addition to HCOOH will produce an unstablggcooH. This implies that the branching ratio from HCO in
molecule, HC(OH),, which will decompose to tCO and in  the above diagram is about 2: 1 in favor of HCOOH. Coinci-

OH + HCO — HCOOH

turn go on to form CHOH: dentally, the other two stable products listed in Table Il have
CH4:CO,~2: 1, assuming that the entire 1300-chfeature
2H + HCOOH — H,C(OH), — H,CO+ H,0 is due to methane. Combining all these numbers gives

2H + H,CO — CH3OH.
(H,CO+ CH30H):HCOOH:CH,:CO, ~ 1:2:2:1
Although destruction of HCOOH is supported by ousGH-
HCOOH experiment, Fig. 4 shows that this process is not sifpr our H,O : CO=5:1 experiment. This demonstrates that al-
nificant in the more relevant4® + CO ices. There the HCOOH though CH and CQ were not the focus of our experiments,
abundance rises with dose, but with little or no subsequehgy clearly play an important role in the radiation chemistry
decline. of H,O+ CO ices. CH and CQ will be treated in a separate
Our spectra also contained weak bands which rose and fediper.
in intensity as the irradiations took place. A weak IR absor- One of our most important findings is the relatively high per-
bance near 1853 cm has long been associated with HCQ@entage of conversion of CO into other molecules. For the high
(Allamandolaet al. 1988), and our photobleaching experimengst radiation dose of Fig. 2, about 22 eV molecti¢he conver-
in which this band was removed and CO production observesipn of CO to HCOOH was surprisingly large, almost 40%, anc
supports this assignment, as does @ substitution exper- the CO to HCO conversion was 7%. The overall yield from CO
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to CH;OH for this same radiation dose was about 12%. Addirigg of a carbon chain appears quite common, while in our highly
the 7% HCO yield to this 12%, since C}OH forms from CO by polar, HbO-dominated ices it was never observed.
way of H,CO, gives the total conversion C& H,CO as 19%.
This can be compared with thes% conversion reported for UV-
photolysis experiments onJ@+ CO mixtures (Schuttet al.
1996a) or the~0.015% conversion observed in discharge ex- Interstellar grains, from which comets and other Solar Sys-
periments (Hiraokat al. 1998). In those same discharge extem objects are thought to form, serve as reaction sites fo
periments, HCO and CHOH molecules were detected only ormolecules. Molecular formation can occur both on grain surface:
warming ice mixtures te-100 K, although molecular formation (Tielens and Hagen 1982) and, through energetic processin
was inferred from the experimental conditions. Our IR expefdeneath grain surfaces (Mooet al. 1983; Strazzulla and
ments clearly show yCO and CHOH formation at the lowest Johnson 1991; Shalabiea and Greenberg 1994). Our experimer
ice temperaturesl( ~ 16 K). are most closely related to radiation processing of interstella
In evaluating the products in our experiments, the distinctigrain mantles and also to the surfaces of solar system object
between molecules formed and molecules observed must be epH,O-dominated ices are processed by cosmic radiation we
in mind. In HLO-dominated ices, weak spectral features near iexpect that CO will react with H atoms and OH radicals to form
tense HO absorptions are difficult to detect. The spectral “winHCOOH, HCO, and CHOH. Other molecules present in a
dows” that proved the clearest and most valuable for produdirty” ice may influence the final product distribution, but as
identification were roughly 3000-1700 and 1600-1000tm long as HO dominates the ice we expect H and OH additions
Fortunately, the expected products in our experiments, and masCO and other unsaturated molecules.
other molecules of interest, had IR absorptions in one or both ofin an earlier paper we showed that §bH is made in ir-
these regions. radiated HO + CH, mixtures (Moore and Hudson 1998). It
As our experiments progressed, animportant chemical pattérappropriate to compare those results with the present work
emerged. We found that inJ® + CO ices,only single-carbon Table lll can be usedto calculate @BH percentage yields from
products, namely HCO, HCOOH, and CKOH, were observed. ices initially with H,O : CO= 20, 10, and 5 as 3, 7, and 12%, re-
(CO, and CH, were also formed, although they were not studspectively. Thus, the C& CH3OH conversion rises with CO’s
ied extensively in these experiments.) Searches were madénitial abundance. In contrast, the data from Table Il of our
our spectra for evidence of two-carbon molecules (e.gH,C earlier paper give CiH— CH3OH yields as roughly constant at
C,H4, CoHs0OH, GHg, CH;CHO, G003, CH3;COOH) and three- ~15% for H,O : CH, initial ratios of 15, 7, and 2. Although this
carbon molecules (e.g.,38g, CsHg, CH,CCH,, HCCCH;, seems to imply that more G@H can be made from CHhan
CH3CH(OH)CH;, CH3CH,CH,0OH, CH;C(O)CH;). No such COincometary and interstellar ices, the much higher abundanc
molecules were expected, and indeed all such searches wi#reO (Table I) will allow it to dominate CEOH production.
unsuccessful. Neither was polymeric material, for example, aln addition to relatively stable molecules, such agCB,
formaldehyde polymer, nor any polycyclic aromatic hydrocaHCOOH, and CHOH, our experiments have identified free rad-
bon (PAH) molecule ever found. In all experiments, singléeals in proton-irradiated cometary and interstellar ice analogs
carbon molecules dominated the radiation products of bd#CO was seen in experiments beginning with eitheg®H CO
H,O+ CO and HO+ H,CO ices. This behavior stands inor H,O+ H,CO. Previously we showed that in,8 irradiated
marked contrast to radiation studies of pure hydrocarboas~13 K, the concentration of H and OH radicals rises until
(Kaiser and Roessler 1992) or pure CO (Palumbo and Strazzitlaecomes high enough to initiate a chemical chain reactior
1993), or the UV-photolysis of pure materials (Gerakigeal. (Hudson and Moore 1992). At that point the ice temperature
1996). In experiments on pure (one-component) ices, lengthean rise by over 100 K, causing ice crystallization and, in a

Astrochemical Implications
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small-scale explosion, loss of sample material. In the case 1#88) of mixtures with high initial CEOH abundances. Under
cometary, planetary, or interstellar ices, some H atoms will Isech conditions, a relatively high reacticate for CH;OH de-
“scavenged” by CO and form HCO radicals, but rapid heatirgjruction will be measured, and such will be the case for almos
may still initiate a free-radical chain reaction as seen in puasmy organic molecule. For the specific case ofsOH, irra-
H,O. This scenario apparently was first proposed by Donn adition yields both CHO and CHOH radicals (Wargon and
Urey (1956) to explain cometary outbursts, but has since beafilliams 1972). These will undergo disproportionation reac-

studied by others (Leget al. 1985). tions, such as
Although H,CO and CHOH have been studied in ices for
some time (Allamandolat al. 1988; Schuttet al. 1996a), much CH30 + CH30 — H,CO + CH30OH,

less work has been done with HCOOH. Our experiments suggest ) )
that energetic processing can readily produce HCOOH,@-H t© form H,CO (Spinks and Woods 1990). However, the impor-

dominated ices, although the detection of this molecule in tHdC€ Of such radical-radical reactions falls with initial JCH
solid state will be challenging. The intense carbony(@) concentration. In other words, laboratory experiments usin
stretch of HCOOH near 1700 cth(5.88:m) will notbe agood Ngh” abundances of CkOH will show a high rate of C5OH
indicator of HCOOH'’s presence asEO, and many aldehydes,deSt_”v'Ct'O”_and BCO for_mat|on, butif CHOH fo_rms_m aHo-
ketones, and carboxylic acids, have features in the same regféf{ninated ice, such as in the work presented in this paper, it wi
A slightly weaker absorption near 1220 cth(8.20xm) might aPpear stable against further change. This suggests that in an
be a much better indicator of HCOOH. but it borders on tH&onomical environment, such as an interstellar grain expose
intense interstellar silicate band. Another complication is thi CoSmic rays, COH will grow as long as there is CO and
HCOOH, being an acid, will react with Ni a known grain H,COto be proc_essed. When those two precursors are deplete
molecule, reducing the intensity of all HCOOH features. ~ ©F When the grain has been processed to whef@ kb longer
The CO reactions we have studied will contribute to thdominants the grain mantle, then the abundance Qm"'“"""_
CH;OH abundance in interstellar ices before they accrete 4§¢line as shown in laboratory studies (Allamandial. 1988;

form macroscopic objects. Also, before a comet passes abgz2ulleetal 1995; Mooreet al. 1996; Gerakinest al. 1996).
the Sun it will be subjected to cosmic radiation while in the 1NiS leads to an important consideration in applying labora

Oort Cloud. This will convert additional CO into GBH, the tory ice experiments to interstellar and solar system problem:

greatest conversion being at a comet’s surface. The top scald¥ ic€ compositio‘r‘cannﬁotbe neglected. Chemical reactions
Fig. 4 gives the depth calculated in a comet nucleus at whilf}ft 0ccur in pure (“neat”) materials may play only minor roles
the ices receive a radiation dose (accumulated over 4.6 billilﬁhm'xed molecular ices. A laboratory observation of a reactior
years) corresponding to the bottom scale. With the upper scilefor €xample, pure CO cannot be used to argue that the sar
the curves shown provide a rough idea of how molecular abJgaction occurs in interstellar or cometary grains in which solic
dances will vary with depth in a comet dominated by frozeH H20 may control the chemistry. Along these lines, our work ap:
and CO. It can be seen that as one passes from deep in a cdHigs Mmost directly to the polar ices thought to dominate comet
toward its surface that the ratio (GEH)/(H.CO) grows, even- and many satellite surfaces. In contrast, the radiation chemist
tually reaching~1.7 after 22 eV moleculé. For comparison, ©f nonpolar ices remains largely unexplored.

this ratio is~2 for the comets and the interstellar ice in Table I.

Aside from radiation dose, (GJ®H)/(H,CO) also was found CONCLUSIONS
tovary directly with initial CO concentration, as can be seenfrom

the data in Table Ill. This is understandable from the reacti?_? %UJ; ?g’g;;j:g:gliv:r;:?;?g;hnai‘(t: ;ﬂ:géﬂ?:sses[ﬁg? Iy:5|s ¢
Z L ki

mechanism proposed and even lends support to it. With a“larq_eicooH and CHOH, with greater abundances than reportec

initial amount of CO in a cometary or interstellar ice one expects .
: y - P 10 date. Product yields have been measured and tabulated for
greater conversion to GJ®H and smaller remaining 4€0.

Although this paper has focused on the production 0§GH plications such as ion bombardment of Solar System and inte

, \ : e stellar ices. Comparisons to earlier experiments have been ma
this molecule’s abundance in astronomical ices also depends on . : L :
and demonstrate the importance of ice compostion in applyin

how fast it, in turn, might be converted into other material?. .
: : . aboratory results to astrochemical problems. Absolute IR ban
In reading the literature one sometimes encounters statements

shout e poarent sensi of GBi and s ease o cesnc- 190 O OO 6 HEOOL tepren mice e bt
tion (e.g., Schuttet al. 1993; Teixeriaet al. 1998). However, ' Y P 9 P

essentially all small organic molecules will be sensitive to dg_or.t an H-atom qddmon mechanism for the low-temperature
struction by cosmic radiation and UV photons. Published statseqhd'ph"’1se reaction sequence EHCO — CHzOH.

ments about the “sensitivity” of C4#OH apparently arise from
laboratory work on the irradiation (Moot al. 1996) or UV-

photolysis (Gerakinest al. 1996) of pure CHOH, ortheirradia-  nasA funding through NRA 344-33-01 and 344-02-57 is acknowledged
tion (Strazzullaet al. 1995) or UV-photolysis (Allamandoktal. by both authors. RLH acknowledges earlier support through NASA Gran
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